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Summary 
A flywheel energy storage system using an active magnetic bearing is an effective 
method for storing electric power. In this research, the flywheel works within a vacuum 
chamber, and the rotor can be rotated in high speed state without mechanical friction by 
using active magnetic bearings (AMB). As one of applications of the flywheel, it could 
be considered that it powered Electric Vehicle (EV). There are two key techniques for 
development of AMB-flywheel powered Electric Vehicle (EV): 1. AMB stable 
suspension control under driving disturbances. 2. Charge and discharge flywheel energy 
storage system.  
In this paper, AMB-flywheel is desirable to minimize the energy required for its 
stabilization control, and to maximize the power of the regenerative electrical by 
electric vehicle. We apply an almost strictly positive real (ASPR)-based simple adaptive 
control (SAC) scheme to an AMB-flywheel energy storage system using the zero-bias 
current method. However, most practical systems do not satisfy the ASPR conditions 
which are fundamental restrictions for practical applications of the SAC control. 
Furthermore, the AMB-flywheel is a multiple-input multiple-output (MIMO) system 
with five degrees of freedom (DOF).  We propose a design method for performing 
SAC control for a MIMO AMB-flywheel system with five degrees of freedom; the 
method uses a parallel feedforward compensator for MIMO SAC. The SAC controller 
was proposed for application to an AMB-flywheel system and control performance was 
improved by combining SAC with PID controller. The PID based SAC controller is 
evaluated via simulations and experiments. We present the analysis of the influence of 
external disturbances from the EV driving on the road about the AMB-flywheel system. 
The results demonstrate that the SAC controller can stabilize levitation of the AMB 
system under real disturbance without touchdown. The final result shows the control 
method is feasible and effective. 
 
Keywords: Flywheel energy storage system, Active magnetic bearing, Electric vehicle, 
Simple adaptive control 
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要旨  
磁気軸受型電力貯蔵フライホイールは，大容量電力貯蔵に極めて有効である．
本研究で用いるフライホイールは真空状態で駆動され，さらに磁気軸受（AMB）を
用いることにより，摩擦なくロータを高速回転させることができる．このフライ
ホイールの１つの応用として，電気自動車（EV）への搭載が考えられる.	 しかし,	 
次のような技術的な課題がある．１つは走行中の外乱環境下で AMB により安定浮
上を維持する制御手法の開発で，２つめはフライホイールシステムを用いた電力
の充放電システムの開発である．	 	 
本論文はロータの安定化制御に必要な電力を最小化し，電気自動車に回生する
電力を最大化させるために，ゼロバイアス電流手法を用いた概強正実性（ASPR）
に基づく単純適応制御（SAC）を用いている．しかしながら，SAC の実用において
重要な制約条件である ASPR 条件を，一般的な実システムの多くは有していない．
さらに，本研究で用いるフライホイールは，５自由度の多入力多出力（MIMO）系
である．これらの問題に対処するために，本論文は並列型フィードフォワード補
償器を用いた MIMO の SAC を適用し，この SAC と PID 制御器を組み合わせる新しい
制御方式を提案することで制御性能を向上させている．この PID-SAC 結合型制御
器の性能について，シミュレーションと実験により考察している．さらに，EVの
路上走行における AMB フライホイールへの外乱の影響も解析している．解析結果
より，本論文の SAC 制御器は実外乱下においてもタッチダウンせずに安定浮上す
ることが確認できた．以上より，今回提案する PID-SAC 結合型制御器は実用性が
あり，効果的な制御手法であることが明らかとなった．	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Chapter 1 Introduction 
The developing history and trend analysis of the active magnetic bearing (AMB) 
will be introduced in the first part of this introduction. AMB system offers a way of 
solving classical problems of rotor dynamics by suspending a spinning rotor.  AMB 
system is composed of electromechanical actuators, power amplifiers, controllers, and 
position sensors provide contact-free suspension of a rotor. Since friction is not present 
and lubrication is not need, the contact-free AMBs are especially suitable for supporting 
high-speed rotation system.  
An active magnetic bearing flywheel (AMB-flywheel) energy storage system is an 
electronic and mechanism device that provides an electric power supply to the 
connected electronic equipment. Unlike chemical battery, a FESS can storage the 
electrical energy as a kinetic energy and release energy quickly. The flywheel is coupled 
to an electric generator that produces electricity when brake the flywheel [1]. Friction 
with the surrounding air is the main cause of the loss for these storage systems; so 
high-speed AMB-flywheel is contained in vacuum space to reduce the friction. By 
virtue of their high dynamics, long lifetime, and good efficiency, AMB-Flywheel 
energy storage system is well suited for storage systems [2], which are generally 
sufficient to improve the electric-power quality of electrical vehicle.  
1.1 Developing History and Trend of Magnetic Bearing 
  Researchers try to use permanent magnet levitating objects, but it is never success to 
stably levitate. Until 1840 year Earnshow’s theorem proposed the action of force fields 
on particles and bodies and on instability is outlined, which show the theorem of the 
unstable equilibrium of permanent magnet bearings [3]. In order to stable suspension 
bodies, it must be continuous adjustment magnetic field. This magnetic field controlled 
could be achieved by electromagnet. The history of AMB is suggestion to use this 
principle for suspending transportation vehicles for high-speed trains go back to 1937 
by a patent of German engineer Hermann Kemper. A test system cooperates with a 
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valve and moves sensors to achieve magnet suspension was proposed by a French 
company Hispano-Suza[4]. It is the beginner of model magnetic bearing technology.  
There are various ways of designing magnetic suspensions for a contact free support. 
The AMB is just one of them. 
  In 1969 year, SEP Company started to research features of active magnetic bearing. 
United state NASA system is also start to research and apply AMB system to satellite 
flywheel at the same time. From 1970 to 1980, the study of the AMB system is 
promotion to engineering application with the developing of modern control theory.   
  Since 1990s, the computer science technology obtains high speed developing, and the 
computer system is more and more high performance. At the same time, the 
performance of magnetic bearing is increasing improvement, and its application domain 
is also gradually expanded. The development of high strength fiber material, low loss 
bearings and power electronics underlies flywheel energy storage technology further 
study. Nowadays the research on flywheel energy storage system is concentrated in 
prototype device, charging and discharging circuit design and its control, magnetic 
levitation support, and its application. In 1998, magnetic bearing is used for artificial 
heart pump was proposed by M.J. Baloh and P.E.Allaire[5].  
  The magnetic bearing has wide application and economic benefit vs. oil lubricated 
bearings in variety of applications that are important to the petroleum and chemical 
industry. The earliest magnetic bearings applications include turbo molecular pump, 
high-speed electric spindle and satellite image display units [6]. In resent researching, 
many of the existing and potential application of magnetic bearing have been proposed 
in compressors, expanders and flywheel energy storage system. 
  A Finland company Tamturbo supreme air power developed a direct drive oil-free air 
turbo compressor which utilized Active Magnetic Bearing (AMB) removes physical 
contact between parts: no wear and an almost infinite life time without maintenance [7]. 
Fig 1.1 shows an active magnetic bearing suspension turbo machine.  
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Fig.1.1 Direct drive oil-free air turbo compressors, power range50-250kw, 
units at 7-8 bar, magnetic bearing in the turbo machine 
1.2 Principles of Magnetic Bearing Function 
  Magnetic bearings have been utilized by a variety of industries for over decade with 
benefits that include non-contact rotor support, no lubrication and no friction. 
Conventional mechanical bearings, the kind that physically interface with the shaft and 
require some form of lubrication, can be replaced by a technology that suspends a rotor 
in a magnetic field, which eliminates friction losses. Magnetic Bearing system can be 
divided into three categories according to the principle of work: Active Magnetic 
Bearing, Passive Magnetic Bearing, Hybrid Magnetic Bearing, and high temperature 
superconductivity.  One of the main characteristics of AMB system is that it requires a 
feedback control of electromagnetic force to suspend the rotor at origin in a non-contact 
condition. Therefore, AMBs require a well-designed control system to keep them 
operational. 
  Active magnetic bearing system includes 4 distinct technologies: (1) the 
electromechanical hardware units are bearings and sensors. Sensors collect input signals, 
and bearings supply the supporting forces to the machine on which it installed. (2) The 
control system provides the power and control electronics, calculation of correcting 
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forces, and resultant commands to the power amplifiers for each axis of control [8]. (3) 
In digital magnetic bearing system, the control algorithms are the software programs, 
which are used for processing of the input signals after conditioning, and calculation of 
the command signals to the power amplifiers. (4) An auxiliary bearing system is used to 
protect the magnetic bearing and the rest of the machine system in the even of a power 
failure or loss of the control system, permitting the safe rundown of the equipment and 
prevent damage to the magnetic bearing and other system components. The auxiliary 
bearing which also provides static support for the shaft and rotor when equipment is 
shutdown. 
  Generating contact free magnetic field forces by actively controlling the dynamics of 
an electromagnet is the principle, which is called active magnetic bearing. The Fig 1.2 
presents the main components and explains the function of a simple bearing for 
suspending a rotor just in on direction [9]. 
 
Fig 1.2 Schematic of the function principle of the active electromagnetic suspension 
  A sensor measures the displacement of the rotor from its reference position, a 
microprocessor as a controller derives a control signal from the measurement, a power 
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amplifier transforms this control signal into a control current, and the control current 
generates a magnetic field in the actuating magnets, resulting in magnetic forces in such 
a way that the rotor remains in its hovering position. The control law of the feedback is 
responsible for the stability of the hovering state as well as the stiffness and the 
damping of such a suspension. Stiffness and damping can be varied widely within 
physical limits, and can be adjusted to technical requirements. They can also change 
during operation. 
  A real rotor is a five-degree of freedom system, which needs several magnets. Fig 1.3 
presents the suspension of rotor in one plane. This is an active magnetic system. 
Non-contact position sensors continually monitor shaft position and feed this 
information to a control system. This in turn, based on the response commanded by the 
system, flows to the actuator via current amplifiers. These currents are converted to 
magnetic forces by the actuator and act on the rotor to adjust position and provide 
damping. 
 
Fig 1.3 Schematic for the suspension of a rotor in one plane 
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Fig 1.4 AMB-flywheel 
The rotor of AMB-flywheel has a weight of 4.85kg in Fig 1.4. The displacement 
measurement is done through a sensor, which produces digital signals for the 
microprocessor controller. The air gap for this flywheel rotor was 0.2×10-3[m], which is 
quite small. In this paper, we are focus on the researching of active magnetic bearing 
flywheel energy storage system. 
1.3 The Principle and application of AMB-flywheel 
In this section, we will introduce the researching backgrounds and application field of 
flywheel energy storage system (FESS). FESS works by accelerating a rotor to a very 
high speed and maintaining the energy in the system as rotational energy. When the 
energy is extracted from the system, the rotational speed of the flywheel is reduced as a 
consequence of the principle of conservation of energy [10]; adding energy to the system 
correspondingly results in an increasing in the speed of the flywheel. The FESS usually 
uses electricity to accelerate and decelerate the flywheel. Advanced FESS systems have 
rotors made of high strength carbon filaments, suspended by magnetic bearings in a 
vacuum enclosure, which can come up to high rotational speed in a matter of minutes.   
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1.3.1 Research Backgrounds of AMB-flywheel 
In recent years, energy consumption certainly increases year by year, but the fossil 
fuels, such as petroleum, coal and natural gas, is limited, and will dry up in the future. 
The renewable natural energy resources (Wind, solar, wave, and geothermal energies) 
are considered replaces the major role of fossil energy. In this new energy field, the 
current energy storage system is used chemical batteries, which are still not fully 
satisfying the requirement. The flywheel energy storage system to store electricity is 
one solution for energy optimal utilization.  
Automobile is the mainly fossil energy consumption field in the world. Many 
world-renowned automobile manufacturers are expending efforts on research and 
development of energy-efficient hybrid cars and pollution-free electric vehicles. 
However, the primary factor constraining this development is the battery. Flywheel 
energy storage is becoming one of the most promising power batteries in electric 
vehicles. 
Active magnetic bearing (AMB) systems are composed of electromechanical 
actuators, power amplifiers, controllers, and position sensors that provide contact-free 
suspension of the rotor. Since friction is absent and lubrication is not needed, 
contact-free AMBs are especially suitable for flywheel systems.  
1.3.2 Research History and Current Situation of Vehicle AMB-flywheel 
In the future, it is trend to develop the hybrid vehicle with saving energy and the electric 
vehicle without pollution. Swiss Oerlikon company designed a flywheel powered bus. 
The diameter of flywheel is 1.63m, and its mass is 1.5t. This flywheel can rotate in 
hydrogen environment with 3000r/min rotation speed, which could support the bus 
running 0.8km. The charging time of the flywheel is 2min.  
In 1992, United State AFS Trinity Power Corporation had been granted a patent on their 
“flywheel batter”. The unique features of their patent were that the flywheel were 
encased in a vacuum chamber and supported on magnetic bearings. 
 8 
In 1994, American Flywheel Systems Company, which exhibited a much-noticed 
concept AMB-flywheel powered car at Auto Show. Twenty of this flywheel battery 
could accelerate the electric vehicle to 100km/s, and the mass of flywheel group is 
273kg.  
In 1996 Lawerence Livermore National Laboratory (LLNL) researched on high 
performance flywheel with CFRP rotor. The strength of extension of this flywheel is 
increased to 7.0Gpa, which can increase the rotating speed to 60000r/min. 
In vehicle applications, high-speed rotation implies that the safety concerned with burst 
failures should be guaranteed. From this consideration, carbon fiber reinforced poly 
(CFRP) is chosen as the material for the flywheel, since it is lighter and yet stronger 
than steel. In our researching group, researchers apply some different control algorithms 
to achieved good performance of flywheel supported by AMBs. Budi Rachmanto 
designed a simple adaptive control for active magnetic bearing suspended compacted 
flywheel system. Satoru Sakai proposed a new passivity based control of active 
magnetic bearing systems. Kenta Kuriyama carries out a two-degree-of freedom gimbal, 
which means two-axis gimbal system. By using the gimbal system, the flywheel rotor 
and the casing incline at the moment of acceleration and deceleration of the vehicle. 
1.3.3 Application of AMB-flywheel 
1.3.3.1 Flywheel for automobile vehicles 
Automakers are beginning to install flywheel technology in place of batteries on new 
text vehicles [11]. Flywheel-power assisted vehicles have been developed since long time 
ago and in ongoing researches in effort to make flywheel systems smaller, lighter, and 
cheaper and have greater capacity [12,13]. The technology has already done thousands of 
laps in Formula 1 racing car by Ferrari, Renault, BMW, and McLaren where it has been 
used to juice acceleration times, rather than save energy or cut pollution. A carbon fiber 
and magnetic bearings flywheel have been put applications on Volvo cars as shown in 
Fig 1.5. The kinetic energy recovery flywheel system has the potential to reduce fuel 
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consumption by up to 25% compared with a six-cylinder turbo engine at a comparable 
performance level. 
 
 
 
 
Fig 1.5 Volvo car’s with 60000 rpm flywheel  
 
1.3.3.2 Flywheel Energy Storage System for Wind and Solar Plant 
  As energy sources with unequal power are increasingly exploited, such as wind 
power, and solar power. The need for regulating this power becomes increasingly 
important. The fact that wind power is dependent on wind conditions or solar conditions 
means there are sometimes surpluses and sometimes deficits. It may therefore be 
necessary to seek new solutions for energy storage during times when production is 
high, and then use this energy when production is lower. To store energy by using 
flywheels may be a potential solution to the problem. The flywheel can be used to 
storage energy from solar and wind installations. Because the flywheel can react so 
quickly to power supply changes, it makes the use of inconsistent sources like the wind 
and the solar more palatable to the overall power grid. It is also considered the green 
energy technology because it uses the momentum rather than the fossil fuel to stabilize 
electricity level in the grid. Fig 1.6 shows flywheel energy storage system to help 
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renewable energy plants store power efficiently. Fig 1.7 shows a wind and solar power 
plants with flywheel energy storage system. 
 
 
Fig 1.6 Flywheel system to help renewable energy plants store power efficiently 
 
Fig 1.7 Wind and solar power plants with flywheel energy storage system 
1.3.3.3 Uninterruptable Power Supply 
A short-term (seconds to minutes) energy storage device with control electronics is 
referred to as an uninterruptible power supply (UPS). The flywheel energy storage 
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systems have faster charge and discharge rates than chemical batteries. It used to be 
provided load leveling for large battery systems such as UPS for data centers as they 
save a considerable amount of space compared to battery systems[14]. Flywheel UPS is 
the world leading UPS green technology which was commonly used in almost all kinds 
of applications such as Data Center, Telecom Center, Industrial Machine, and others 
that require high reliability of power. AMB-flywheel power UPS can produces up to 
1MW in a short period of time which means it is clean source of energy without battery 
usage, reducing battery replacement cost which normally requires changing every 3-5 
year and decreases TCO. 
 
Fig 1.8 Active power UPS with AMB-flywheel 
1.3.3 Principles of Flywheel Energy Storage System 
A flywheel energy storage system is used to store rotational energy, which store 
energy in the form of kinetic energy. Depending on the inertia and speed of the rotation 
mass, a given amount of kinetic energy is stored as rotational energy. The flywheel is 
installed inside of a vacuum space to eliminate friction loss from the air, and it is 
suspended by an active magnetic bearing without any contact. The kinetic energy is 
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transferred in and out of the flywheel with an electrical machine that can function either 
as a motor or generator. When the electrical machine acting as motor, electric energy 
transferred into kinetic energy of the rotor. In generator mode kinetic energy stored in 
the rotor is converter to electric energy [15]. The kinetic energy of a rotating body can be 
calculated using the formula: 
2
2
1` ωIE =              (1.1) 
where , I: momentum of inertia 
ω: angular velocity. 
Since the energy stored is proportional to the square of angular velocity, the increasing 
angular speed increases stored energy more effectively than increasing the mass [16]. The 
flywheel’s mass and geometrical shape is defined as: 
2kmrI =                                                        (1.2) 
24222
2
1
2
1
ωω rmkIE ==                                                      (1.3) 
Where, m: mass, 
r : radius and 
k : shape factor. 
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Fig 1.9 Basic layout of a flywheel energy storage system 
The basic layout of flywheel energy storage system is shown in Fig 1.9. The 
high-speed rotation speed of flywheel rotors is suitable for direct generation of high 
power. With the development of material and control system hardware, it has widely 
utilized potential. 
1.4 Research Objectives 
In recent times, many world-renowned automobile manufacturers are expending 
efforts on research and development of energy-efficient hybrid cars and pollution-free 
electric vehicles. Developing hybrid vehicles and electric cars are the future trends.  
In this paper, we are focusing on the use of AMB-flywheel energy storage system on 
electric vehicle. An AMB-flywheel system is a replacement of conventional chemical 
storage battery for electric vehicle. Most of studies about active magnetic bearing 
flywheel energy storage system are fixed on the ground, as used in wind-power plant or 
UPS systems; we developed two vehicles with AMB-flywheel as shown in Fig 1.10[17] 
and Fig 1.11. In these two vehicles, we assumed two different AMB-flywheel systems. 
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The basic structure of this two EV will be introduced in next section. 
The operating environment of the automotive is complex, so the road conditions will 
impact the AMB-flywheel when vehicle is running impact, such as different vibration, 
acceleration, deceleration, steering and so on. Therefore, it is necessary to study the 
magnetic bearing need strong stiffness for suitable the vehicle dynamic specific. With 
the developing of vacuum technology, composite materials technology, the inverter 
technology, modern control technology, testing technology the AMB-flywheel energy 
storage technology has been no obstacle in the application, but there is no good solution 
for AMB system supporting technologies in the automotive environment and working 
conditions. It is the key and difficult technique. 
 
 
Fig 1.10 Over of AMB flywheel powered EV-I 
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Fig 1.11 Overview of over of AMB-flywheel powered EV-II 
1.5 Structures and Layout of Thesis 
This thesis is organized into 8 chapters. In chapter 1, the developing history, trend of 
magnetic bearing and application of AMB-flywheel is presented. In chapter 2, System 
configuration of AMB-flywheel system is introduced. cPCI platform and AMB 
amplifier function and principle are presented. The outlook of integrated system and 
signal flow has been illustrated. 
 Chapter 3 presents the formulation of nonlinear models of 5-DOF AMB systems. 
Firstly, the dynamic of the rotor with force input in state space representation is 
illustrated. Then, the nonlinear electromagnetic with zero bias current inputs is 
established to reach the complete AMB dynamic state-space model.  
Chapter 4 presents the simple adaptive control for AMB-flywheel system. At first, it 
introduced basic concept of SAC. Then, the stabilization control of AMB-flywheel is 
illustrated with SAC. 
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 Chapter 5 illustrated multiple input multiple output SAC for AMB flywheel. The 
simulation results and experiment result of stabilization control with PID based SAC 
control law are presented in this chapter.  
In Chapter 6, as an effort to improve the FESS performance, we redesign the energy 
conversion system of flywheel. The various simulation results and experiment results 
will be presented.  
Nonlinear model identification for inverter will be illustrated in Chapter 7. The main 
components of the AMB-flywheel energy conversion system and an analysis of the 
nonlinear characteristics of the HW model are presented in this part. The mathematical 
models of the deadzone and saturation functions and the nonlinear system identification 
approach of the power supply inverter system are presented.  
The summary of the results of the studies is presented in Chapter 8. The future work 
and recommendations of continuations of this research work are also covered in this 
chapter. 
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Chapter 2 System Configuration 
2.1 Introduction 
Effective controller design relies on reasonable system configuration. This chapter 
describes the configuration of Electric Vehicle (EV) powered by flywheel with active 
magnetic bearing (AMB) suspended. The entire system consists of AMB-flywheel, 
Compact PCI host computer, Charge-Discharge Unit (CDU) and EV.  
Compact PCI host computer is used as the controller for AMB, which output control 
signal to amplifier for generating control current of AMB. Charge-Discharge Unit is the 
energy conversion unit, which is for testing the performance of flywheel energy 
efficiency.  
2.2 AMB-flywheel Basic Structure 
  Fig 2.1 shows the outlook of the AMB-flywheel. This experimental AMB-flywheel 
system used to validate the theoretical analysis consists of a uniform steel shaft and 
steel rotor. The total rotor mass is 100kg and it is mounted vertically. The diameter of 
flywheel is 0.4m, and the flywheel thickness is 0.04m. The control current of the 
magnetic coils is allowable 6A. The magnetic bearings have an air gap of 0.6×10-3m in 
radial direction, and it is 0.4×10-3m in axial direction. The detail of flywheel parameter 
is shown in table 2.1. 
Table 2.1 Parameters of the AMB-flywheel 
Part Item Value 
Flywheel 
Diameter[mm] 400 
Thickness[mm] 146 
Maximum rotational frequency [Hz] 40 
Acceleration disturbance [G] 1 
Rotor Total mass[kg] 100 
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Fig 2.1 Outlook of the AMB-flywheel 
This flywheel module is designed to store a total energy of 25kWh at 40Hz. In this 
flywheel, there are total 4 pairs of touchdown bearing. Mechanical touchdown bearings 
use ball bearing for support during non-operation of the active magnetic bearings and 
for emergency spin down of the rotor if the magnetic bearings are not able to provide 
rotor levitation. These bearings are mounted to provide both stiffness and damping. 
Three key failure types of magnetic bearings working are loss of primary AC power, 
AMB controller failure, and strong disturbance coming into the system on running test. 
2.2.1 Active Magnetic Bearing Fundamentals 
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Magnetic bearings generate force on the rotor without direct physical contact by using 
electromagnets. The electromagnets attract the ferromagnetic rotor, generating forces. 
Controlling currents can regulate the strength of these forces in the electromagnet coils. 
The force is quadratically proportional to the current and inversely quadratically 
proportional to the gap width. All the other terms are constants. This relationship will be 
important in analyzing the controller equations [3]. 
  An active magnetic bearing is characterized by the nonlinear relationship between the 
attractive force and position of the rotor and windings currents. Studying the opposing 
pair of the electromagnets the following linear relationship for the attractive force can 
be obtain: 
Fy = kiyicy + ksyy             (2.1) 
The current stiffness coefficient kiy  and position stiffness coefficient ksy  are defined as 
partial derivatives of the ForceFy : 
00
),(,),( ==
∂
∂
=
∂
∂
= cyi
cyy
syy
cy
cyy
iy
y
yiFk
i
yiFk         (2.2) 
2.3 AMB Control System Structure 
The flywheel system designed for a five-axis controlled AMB system, and the 
designed flywheel system mounted on the electric vehicle. Fig.2.2 shows the signal flow 
relationship between the entire control systems. The control system consists of five 
components, including AMB, power source, AMB power amplifier, and Compact PCI 
(cPCI) host computer.  
2.3.1 cPCI Platform Host Computer Function 
  Compact PCI host computer acts as the central controller of the whole vehicle system, 
including stabilization AMB control, CDU control and rotation speed monitor. As 
shown in Fig 2.3, sensors (displacement sensors and rotation speed sensor) signals flow 
into Host computer system though Interface Company’s Multichannel AD/DA 
conversion boards. Interface AD/DA board was shown in Fig 2.4. To satisfy the 
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requirements of ultra-high speed control of AMB flywheel stabilization and state 
monitor, the operating system is patched to be able to run in real-time mode. The 
real-time mode is the real-time processing the program and input signal from other 
devices. RTlinux design objective was to add hard real-time capabilities to a commodity 
operating system to facilitate the development of complex control programs with both 
capabilities. Linux is an open source operating system, which can be used with RTlinux 
to achieve real-time control and measurement processing with hardware(Interface 
AD/DA board). This eliminates the need of controller hardware (DSP) exclusively 
controls the AMB flywheel. We add a hard real-time kernel to Mandrive Linux 
operation system, which could supply over 8000Hz operation speed for our control 
requirements.  
 
Fig 2.2 Configuration of AMB-flywheel system 
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Fig 2.4 Interface AD/DA board 
 
Fig 2.5 cPCI computer 
2.3.2 Amplifier of AMB-Flywheel System  
 The power amplifiers, which provide the suspension force with control currents to 
make the high-speed rotor magnetically suspended, are extremely important to the 
magnetic bearing system. The power amplifier for magnetic bearing system should have 
the features of low current ripple quick current response, high efficiency and so on [18]. 
 The power amplifier converts the control signals voltage to control currents. In 
industrial applications, switching amplifier and analog amplifier are used for AMB 
system. Analog amplifier has advantages simple structure and stability, but it will cause 
the losses occurring in a magnetic bearing system. Switching amplifiers are used almost 
exclusively because their losses are considerably lower than those of analog amplifiers. 
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Admittedly, the switching may cause electromagnetic disturbances [19].  
2.3.2.1 The Principle of the switching Amplifier 
The circuit topology of the switching power amplifier is shown in Fig 2.6. For 
two-level switching power amplifier, the pulse 1 and pulse 2 of two-level switching 
power amplifier are completely synchronous to drive the left upper VT1 and lowerVT2. 
In this way, VT1 and VT2 will be on or off synchronously during one switching period, 
and power source is on charging state of discharging state. 
 
 
 
 
 
Fig 2.6 Switching amplifier 
2.3.2.2 Function and Structure of Amplifier  
In this research, the power amplifier uses MUTES company product. Fig 2.7 shows 
the outlook of this amplifier. The dynamics of amplifier is given by: 
Controljj C
U
Ii ×=
max
max  10,....,2,1=j          
(2.3) 
Where, maxI : 
Maximum output current of this amplifier, 
maxU : Maximum control input voltage, 
ControljC :  Control input voltage of amplifier. 
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Fig 2.7 AMB Power Amplifier 
  This power amplifier converts the 10 channels control signals into control current 
which controls 10 coils of AMB-Flywheel. The maximum output current of this 
amplifier is 6A, and the control input signal range from 0-5V. 
 
Fig 2.8 Block diagram of AMB-flywheel amplifier principle 
2.4 AMB-flywheel System Structure 
The AMB-flywheel energy storage system operation is a coupling control between the 
power converter system and active magnetic bearing stable control system. The Fig 6.1 
shows how the components are integrated in a flywheel system with feedback control 
loops for the M/G and AMB system. A flywheel system contains several components 
that are essential for its success. At first, the AMB system keeps the flywheel rotor 
levitated to ensure high-speed rotor operation.  
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Fig 6.1 Representation of a AMB-flywheel system 
The motor of AMB-Flywheel is chosen as induction motor. The power supply quality 
of FESS Induction Motor driver has a direct effect on the performance of the 
AMB-flywheel as well as the total EV system. It shows the integrated structure of 
AMB-flywheel system and basic control strategy of system. 
The main function of DC/AC inverter is to transfer energy between the bus and 
AMB-flywheel rotor. The battery energy of EV will flow from inverter to the M/G of 
FESS and is converted and stored as kinetic energy by rotation of flywheel. When EV 
switched to flywheel-powered mode, the flywheel will transfer back its stored energy 
from the flywheel into the DC power bus through the M/G and the inverter. 
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Chapter 3 Model of AMB flywheel 
3.1 Introduction 
Accurate mathematical description of the physical system is the important part of 
effective controller design. Building a mathematical mode of the system to represent the 
actual physical system can be used to verify the performance of system through digital 
simulation work. It is also providing a structural form for new control algorithms [20].  
3.2 Z-Axial Direction mathematical Model 
Stable operation of flywheel, which consists of active magnetic bearings, is 
achieved through appropriate magnetic forces generated by the magnetic bearing 
actuator. The physical properties of the active magnetic bearing have been presented in 
Table 3.1. 
Table 3.1 Parameters of the AMB-flywheel 
Item Value Unit 
Flywheel diameter 0.4 m 
Flywheel thickness 0.04 m 
Rotor mass(m ) 100 kg 
Polar moment of inertia( zI ) 1.114 kg·m2 
Other moment of inertia( rI ) 2.610 kg·m2 
Constant of radial AMB( lu kk , ) 25.196×10-6 Nm2/A2 
Constant of axial AMB( zk ) 70.568×10-6 Nm2/A2 
Distance of upper AMB from center of gravity( uL ) 1.815×10
-1 m 
Distance of lower AMB from center of gravity( lL ) 3.086×10
-1 m 
Nominal air gap in radial direction 0.5×10-3 m 
Upper nominal air gap in axial direction( uz ) 0.4×10
-3 m 
Lower nominal air gap in axial direction(z l ) 0.6×10
-3 m 
Nominal touchdown gap in radial direction 0.2×10-3 m 
Nominal touchdown gap in axial direction 
 
0.4×10-3 m 
Allowable current 6.0 A 
 
 26 
 
Fig 3.1 Model of AMB with flywheel 
 This AMB-flywheel was designed as a vertical structure. In this research, it will be 
installed on the electrical vehicle (EV) as the vertical direction, so we should defined 
z-axis as the gravity direction in the modeling of it in Fig 3.1. AMB system is known to 
be highly coupled nonlinear and open loop unstable. In this researching works, the 
nonlinear AMB model is linearized at an operating point and imbalance is introduced 
into the system as external disturbance force in z-axial direction. 
One pair of AMBs is present along the axial direction. If the electromagnetic 
induction is proportional to the magnetic field and the current is below saturation, then 
the force is a function of coil current and air gap. The motion equation for this can be 
written as 
mgFzm z −=                                          (3.1) 
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where  
zF  : Magnetic force generated by the z  direction coils (N); 
uz lz  : Air gaps in the upper and lower coils (m);  
z :  Displacement in the z  direction (m);  
uI lI : Bias currents in the upper and lower coils (A); 
i  : Control current (A).  
The dynamic behavior of numerous rotor types can be described by linear 
time-invariant equations, if the following assumptions are mode [21]: 1. The rotor 
displacement is small, compared with the rotor geometry. 2. The rotor is rotationally 
symmetric (except for small unbalances). 3. The rotational speed is constant. 4. Material 
behavior is linear-elastic. 
The force-current-displacement dependency for a rotor in an active magnetic 
bearing with only one pair of magnet on z axial direction can be described by equation 
(3.2), it can be seen that the magnetic bearing has nonlinearity. If magnetic saturation 
effects are not considered, we extend this equation around the balance position and 
linearization it. 
mgFikzkzm iz −++= 0                                                (3.3) 
⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
+=
3
2
3
2
2
l
l
u
u
z
z
I
z
Ikk , ⎟
⎠
⎞
⎜
⎝
⎛
+=
22
2
l
l
u
u
i
z
I
z
Ikk                                (3.4) 
⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
−=
2
2
2
2
l
l
u
u
o
z
I
z
IkF                                                       (3.5) 
The term 0F  in (3.3) is used to compensate for gravity at the balance position. Using 
the above equation of motion and considering the magnetic levitation system in the 
z direction, we choose Tzzx ),( =  as the state variable. Then, the state space equation 
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can be written as 
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3.3 Radial Direction Mathematical Model 
As covered in last section, the linearization model could provide satisfactory system 
response at approximately close to the linearized region, but nonlinear control 
techniques developed based on nonlinear AMB model can be achieved at wider range of 
system operations [22]. Let us consider the radial AMB system shown in Fig 3.1. An 
integrated nonlinear model is presented in this part. Unbalance force is considered in 
this motion of equation as shown in Fig 3.2. The unbalance force is caused by flywheel 
dynamics performance and generator. The fundamental equations of motion of a rigid 
rotor-active magnetic bearing system in horizontal direction is derived as 
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where  
x y : Linear displacement of the rotor’s center of mass along the x  and y  axes, 
respectively (m); 
 yθ xθ : Angular displacements of the rotor around the x  and y  axes (m); 
 xF yF : Forces acting on the bearing in the x  and y  directions (N); 
 ω : Flywheel rotation speed (rad/s); 
 δ : Eccentricity (m);  
 m : Mass of the rotor (kg); 
 zI : moment of inertia about the z axis (kg.m
2); 
 29 
 rI : moment of inertia about the x  and y  axes (kg.m
2);  
 xN yN : moment of force about the x  and y  axe (N.m).  
 
Fig 3.2 Unbalance force of the flywheel 
The equations of motion obtain in (3.8) are derived according to the movement of the 
rotor’s center of mass. On the other hand, the measured signals are the displacements of 
the rotor at the lower and upper sensor locations.  xF , yF , xN , and yN  (forces acting on 
the x-, y-axes and moment of force)can be expressed as 
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The input to the electromagnets is the current i1 , i2 , i3  and i4  on the upper 
bearing and i5 , i6 , i7  and i8  on the lower bearing where each of the energized coils 
will generate the required electromagnetic force, respectively. The forces at the upper 
and lower coils of the AMB in the x  and y  directions are given as 
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Since sensor locations are distinct from the mass center, the computation of the 
displacements of the rotor’s center of mass and angular displacements are necessary 
during control operation. To this aim, the equations of the rotor AMB system may be 
transformed to the actuator locations. The displacements at the upper and lower coils of 
the AMB in the x  and y  directions are given as 
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 In this equation of motion, the rotor is treated as a rigid floating body. The 
3-dimensional motion of the moving can describe the translation and rotation of the 
rotor. On the basis of the above equations of motion, we choose Txy yxx ),,,(1 θθ=  and 
x2 = ( !x, !!y, !y, !!x )T  as the state variables and T) , , ,(U ylyuxlxu ffff=  as the control input; 
then, the state space equations are given as 
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According to (3.12) above, the conversion relation between state variable Txy yxx ),,,(1 θθ=  and 
the displacement in the x  and y  directions can be given as    
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where lu LLL += . Then, the state variable transfer equation can be written as 
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According to the relation equation above, the state space equation of the 
AMB-flywheel system can be expressed as 
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where .],,,[],,,[,],[X '2'1'2'1' lulululuT YYXXxYYXXxxx ===   
3.4 Zero-Bias Magnetic Bearings Control 
We controlled AMB flywheel through the relationship between magnetic force and 
control current, but it used the nonlinear relation between the current through the coils 
and the force generated at the bearings. In this part, it explains the identification of zero 
bias control rules. The Fig 3.3 shows a simple schematic of an active magnetic bearing. 
The simplified AMB model consists of two electromagnets used to move a mass m in 
one dimension [23]. The control system uses the current input to vary the forces acting on 
the rotor mass to regulate the position x of the mass to zero. In this method, the current 
inputs are chosen such that only one electromagnet is active at any given time. The 
zero-bias means that bias currents are avoided during operation. Large current change is 
needed to produce small control force, resulting in potential saturation [24]. 
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Fig 3.3 Schematic of an active magnetic bearing 
Since the AMB-flywheel system is used as a storage device for electrical energy, it is 
desirable to minimize the energy required for its stabilization control. Zero-bias current 
magnetic bearings have the potential to reduce power losses because only a single 
electromagnet of the pair is operational at any time. The switching rule of zero-bias 
control is defined as 
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The SAC control input ),,,(U ylyuxlxu ffff=  is provided in the form of an attractive 
force between the electromagnets, but it should be converted into electric current. 
According to the above equations (3.20) (3.21) and (3.10), the zero-bias mode can be 
expressed as 
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We apply the control law in (3.22-3.23) to our flywheel AMB system with zero bias. 
The zero-bias modes of other electromagnet pairs follow the same form. Zero bias 
control is important for designing low loss AMB.  
 One of the main drawbacks of an AMB system is that it requires a feedback control 
using an electromagnetic force to suspend the rotor at the origin in a non-contact 
condition. Therefore, AMBs require a well-designed control system to remain 
operational. The electromagnetic force generated by a magnetic bearing is highly 
nonlinear. Magnetic bearings with a zero-bias current have the potential to reduce 
power losses because only a single electromagnet of the pair is operational at any given 
time [25].  
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Chapter  4 Simple Adaptive Control for AMB-flywheel 
4.1 Introduction 
The adaptive control algorithm requires more estimation parameters than the 
conventional controller, which make the adaptive controller becoming particularly 
complex. Most adaptive control schemes, including classical model reference adaptive 
control systems (MRACs), self-tuning regulators (STRs), generalized predictive control 
(GPC), etc., require that a large number of “tuning knobs” be adjusted prior to the actual 
commissioning of an adaptive controller [26]. It combines the design of controllers based 
on plant system models with the on-line estimation of the model parameter or controller 
parameters using input and output data measurements.  
Adaptive control is divided into two types, an indirect adaptive control and a direct 
adaptive control [27]. In indirect adaptive control, the controller structure is determined 
using a conventional controller under the assumption that plant parameters are known. 
After that, unknown parameters of the plant are identified at on-line, and the controller 
parameters are adjusted using these estimated parameters. Model Reference Adaptive 
Control (MRAC) is a typical direct adaptive control.  
If we choose a low-order reference model and similar to MRAC method, the adaptive 
controller computation should be reduced and easy to carry out. With this in mind, 
Sobel, Kaufman and Mabius proposed a new strategy to direct model reference adaptive 
control, which makes it possible to construct the adaptive control system regardless of 
the plant order. From the simplicity of the controller, this adaptive scheme is called 
Simple Adaptive Control (SAC). This algorithm is called “simple” because it does not 
use an identifier or observers in the control loop. It is a simple and robust algorithm for 
unmodeled dynamics since the order of the reference model can be chosen almost freely 
regardless of that of the controlled system. The structure of the adaptive controller of 
the method consist of a linear combination of the reference model states, reference 
inputs, and output error feedback between the plant and the reference model outputs. 
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Simple adaptive control method uses the output feedback under the Almost strictly 
positive real (ASPR) condition plant to ensure the stability of the control system, and it 
based on the Command Generator Tracker (CGT) theory to attain the model output 
following. 
Harnessing this advantage, our group has proposed an SAC combined with a 
proportional integral derivative controller method as part of prophase research on an 
AMB-flywheel system [28]. In this study, a complete SAC controller with a zero-bias 
method is applied to our AMB-flywheel system to improve the system performance. 
To the scheme requires that the plant to be controlled be strictly positive real (SPR) 
or almost strictly positive real (ASPR). In this study, we apply an ASPR-based SAC 
scheme to the AMB-flywheel system. It is well known that the introduction of a parallel 
feedforward compensator (PFC) is considered as one of the most common and useful 
methods for applying ASPR-based SAC for non-ASPR-controlled systems. Using this 
control method, we performed some simulations and experiments to analyze the 
performance of the AMB-flywheel system.  
4.2 Simple Adaptive Control Basic Concept 
4.2.1 SAC Basic Structure 
SAC is a simple yet robust algorithm for unmodeled dynamics [29]. In this algorithm, 
consider the controllable and observable LTI continuous system plant model of order 
pn  is described as 
⎩
⎨
⎧
=
+=
)()(
)()(
txCty
tuBtxAx
ppp
pppp                              (4.1) 
where )(txp  is the pn th-order plant state vector, 1jnR(t) ×∈u is the system input vector, 
1
p )(y ×∈ jnRt  is the system output vector, nnp RA ×∈ , mnp RB ×∈  and nmp RC ×∈  are constant 
matrices, and nm ≤ . Further consider the asymptotically stable reference model that the 
plant output )(yp t  is required to asymptotically track the output of the following 
model my . 
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Where mnmnm RA ×∈ , mmnm RB ×∈ , mnmm RC ×∈ , nmm Rtx ∈)( , mm Ry ∈  and mm Ru ∈ . 
Now, we make the following assumptions. 
Assumption 4.1: 
 When the parameters of the controlled object are known, there is an ideal 
control input: 
)()()( 2221* tuStxStu mmp +=                                                (4.3) 
The ideal control input can achieve the complete tracking output, as follow: 
 )()( tyty mp =  0≥t                                                   (4.4) 
(1) There exists a constant gain *eK such that the following transfer matrix: 
BAsICsG cs 1)()( −−=              (4.5) 
is SPR. Where 
CBKAA ec *+=              (4.6) 
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(3) iΩ  are solutions of the matrix equation: 
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And no eigenvalue of 1Ω  is equal to the inverse of an eigenvalue of mA . 
(4) )()( tu im , ,,...,1,0 mi = denoting the i-th derivative of )(tum , exist and are uniformly 
bounded. 
If we let tracking error )()()(ey tytyt pm −= , the SAC controller can be defined as 
k(t)z(t)u(t) =             (4.9) 
T
mmy tutxtetz )](),(),([)( =            (4.10) 
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],,[)( uxe kkktk =           (4.11) 
Further, )(tk  which consists of two parameters, is adaptively adjusted by the following 
parameter laws: 
)()()( tktktk pI +=            (4.12) 
)()()()()( tkttetztk IyII δ−Γ=        (4.13) 
)()()( tetztk ypp Γ=            (4.14) 
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where, 1δ , 2δ , and 3δ are small positive constants and IΓ and pΓ  are constant 
matrices. The SAC structure is shown in Fig 4.1. 
4.2.2 Command Generator Tracker (CGT) Theory 
The command generator tracker was proposed by Broussard and O’ Brien in 1980. It 
is an ideal control input which achieves perfect model output tracking. CGT theory 
mainly solve: When the parameters of the plant (4.1) is known, CGT theory is used to 
find the ideal control input )(* tup . 
If the real plant (4.1) and the reference plant (4.2) satisfied following equation: 
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,and no eigenvalue of 1Ω  is equal to the inverse of an eigenvalue of mA . The ideal 
control input and ideal state of implementation model output tracking is the solution of 
CGT: 
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mm CASS 2111 Ω+Ω=                    (4.19) 
mBSS 112 Ω=                     (4.20) 
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mm CASS 4133 Ω+Ω=                 (4.21) 
mBSS 134 Ω=                      (4.22) 
muSvv  1211 −=Ω                        (4.23) 
From (4.18-4.22), when )(u tm  is a step response input, )(u* tp  will be satisfied equation 
(4.3). In SAC algorithm, )(tkx  and )(tku  is deduced from 3S and 4S . 
4.2.3 Almost Strict Positive Realness 
The almost strict positive realness of the plant is defined as follow. 
Definition: The plant is said to be almost strictly positive real (ASPR) if there exists a 
static output feedback such that the resulting closed-loop transfer function is strictly 
positive real (SPR)[30]. 
In the SAC, we require a particular plant to be SPR in the construction of the Lyapnov 
function to ensure stability of the entire adaptive system. The ASPRness of the plant is a 
suitable weaker requirement than SPR-ness. It is important to note that the ASPR 
conditions do not require the plant to be stable. In order to prove the stability of the 
closed-loop system, the controlled plant is required to be SPR or ASPR. We introduced 
simple adaptive control (SAC) to stabilize flywheel attitude. In general, it uses a 
reference model [31,32], as described in figure 4.1. The ASPR conditions are as follows: 
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Fig 4.1 Block diagram of the SAC scheme 
A. The system plant is strictly proper or proper 
B. )(Gp s  is the minimum-phase 
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C. )(Gp s  has the minimal realization {A, B, C}, where 0>CB . 
 However, since most practical systems do not satisfy the ASPR condition, the 
ASPR conditions are the fundamental restrictions for practical applications of the 
output-feedback -based adaptive control. 
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Chapter  5 AMB-flywheel Stabilization Control 
5.1 Introduction 
A flywheel energy storage system using an active magnetic bearing is an effective 
method for storing electric power and reducing energy consumption. Currently, an 
electrical vehicle with a flywheel energy storage system using a five-degree-of-freedom 
magnetic bearing has been carrying out. We apply a PID based simple adaptive control 
scheme designs for AMB-flywheel energy storage systems. The system was simulated, 
and the final result shows the control method is feasible and effective. 
5.2 Multiple-Input Multiple-output SAC for AMB-flywheel System 
We consider the application of the proposed method to control the AMB-flywheel 
system. The AMB-flywheel is a multiple-input multiple-output system with five degrees 
of freedom[33]. To formulate the design procedure, consider the MIMO flywheel 
system’s transfer function with four DOF in the radial direction:  
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where each element ijg  of )(sGp  is of the form: 
ijrij
r
rij
r
ijpij
p
pij
p
BsBsB
cscsc
s
0
1
1
0
1
1
ij )(g
+++
+++
=
−
−
−
−


              (5.2) 
Here, 4,1,0, =ji . From the transfer function and root locus of the AMB-flywheel 
system, it is easy to conclude that none of these transfer functions satisfy the conditions 
of ASPR. Fig5.1 shows the root locus of one element of )(Gp s . A PFC should be 
developed to make the augmented system a minimum-phase system and ensure that it 
has a relative degree one [3435,36]. In this case, the PFC plant shown in Fig 5.2 is defined 
as  
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Fig 5.1 Root locus for one element of )(Ga s  
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Fig 5.2 Block diagram of the augmented plant 
Since the AMB-flywheel system is a MIMO system, this PFC plant is added to each 
element )(gij s  of plant )(sGp . The augmented plant is represented as 
)()()( sRsGsG ppa +=            (5.4) 
Augmented measured output: 
)()()( trtytz ppp +=            (5.5) 
Augmented tracking error: 
)()()( tztyte pmy −=              (5.6) 
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We design the PFC such that it renders the augmented system to be ASPR[37]. Fig 
5.3 shows the root locus of (5.4). In this plot, the symbol x  shows poles, and the 
symbol o shows zeros. It is easy to know that the PFC makes the augmented system a 
minimum-phase system from poles and zeros coordinates, and ensures its relative 
degree one. 
 
Fig 5.3 Root locus for one element of )(Ga s  
We consider that the AMB-flywheel system it a SISO system in the axial direction. 
According to the state space (3.6), the transfer function in the z  direction can be 
written as 
mKs
mG
z /
/K(s) 2
i
−
=             (5.7) 
It is clearly seen that these transfer functions do not satisfy the conditions of ASPR. 
Therefore, a PFC should also be developed to make this augmented system a 
minimum-phase system and ensure its relative degree one. 
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This transfer function of the augmented plant has a relative degree one, and the 
value of the leading coefficient is positive. Analysis of the root locus of )(Ga s  
confirms that the PFC makes the augmented )(Ga s  a minimum-phase system. 
 The air gap is very small between the rotor of flywheel and touchdown bearing, so 
AMB controller requires high response speed and small overshoot. In SAC, 
auto-adjustment of the gain parameters is originally based on the PI adaptive 
identification rule [38]. Here, for a quicker response and stronger adaptability and 
robustness characteristics for AMB-flywheel system. The reference model is set as zero, 
because the flywheel rotor is meant to track the zero-point position in the SAC-D 
controller. SAC with the derivative rule is shown in Fig 5.4. The tracking error (5.6) is 
adjusted to achieve 0)(limt =∞→ tey . Hence, the controller can be defined as 
)()()(up tztkt =              (5.10) 
)()( tetz y=            (5.11) 
DpI ktktktk ++= )()()(           (5.12) 
)()()(kp tetzt ypΓ=            (5.13) 
)()()()()( tkttetztk IyII δ−Γ=           (5.14) 
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Fig 5.4 Block diagrams of SAC with derivation action 
5.3 Simulation for AMB Levitation  
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A simulation model was constructed using the transformed state space equations. 
The response to a 0.1 mm initial step input was injected into the upper rotor in the x  
direction in order to obtain a step response. Fig 5.5 shows the step response of the 
displacement as a control output, which traces the step reference signal rapidly and 
stably. The rotor levitates perfectly toward the center point by SAC.  
The control currents 1i  and 3i  for one electromagnet of the pair are shown in 
Fig.10. Since the zero-bias control is used for this AMB-flywheel system, 1i  and 3i  
follow the zero-bias mode rule expressed in (3.22) and (3.23). The control currents 
converge to zero after the rotor is suspended at the center position. 
 
Fig 5.5 Step response of the flywheel rotor 
In this section, we present the analysis of the influence of external disturbances from 
the EV driving on the road about the AMB-flywheel system. A real disturbance is used 
in the simulation program for testing the stability of the SAC controller in the radial 
direction ( x  and y  directions) of the AMB-flywheel system. The disturbance data are 
collected by the acceleration sensor under two road conditions: driving in the campus 
and driving in the city. 
These acceleration data are added to the simulation model of the flywheel as 
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disturbance. Fig 5.7 shows the measured acceleration data in the driving experiments. 
The maximum acceleration value is about 0.4g.  
 
Fig 5.6 Control currents 1i  and 3i  
Fig 5.8 shows the displacement of the flywheel rotor under this disturbance. In this 
case, the displacement results demonstrate that the SAC controller can stabilize 
levitation of the AMB system without any touchdown. The gains of SAC with a D 
controller are shown in Fig 5.9. It can be seen that the gain fluctuations can respond 
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rapidly under the real disturbance.  
 
Fig 5.7 Measured acceleration data for driving in the city 
 
Fig 5.8 Displacement result for the upper x direction 
Fig 5.10 shows a 4 seconds period and 1 G disturbance in z  direction. Fig 5.11 
shows the displacement in the z  direction under the pulse disturbance shown in 
Fig.14. The displacement results show that the SAC controller can stabilize levitation of 
the AMB system in the z  direction under a 1G pulse disturbance without any 
touchdown. 
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(a) Gain pk  
  
(b) Gain k  
Fig 5.9 Gain fluctuation under applied disturbance 
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Fig 5.10 Pulse disturbance 
 
Fig 5.11 Displacement in z  direction under disturbance 
5.4 Experimental of AMB Stabile Levitation SAC Control   
Experiments were performed on SAC with the zero-bias modes. Fig 5.12 shows the 
time history of the flywheel rotor displacement in the radial direction. The 
displacements were used to evaluate the control performance. The control program 
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began after 1.4 s. The control gains of SAC can be explained using (5.12)-(5.15), the 
gains k  and ik  are shown in Fig 5.13.  
 
Fig 5.12 Time history response of flywheel rotor 
The control currents in the x  direction of the upper electromagnets during the 
levitation experiment are shown in Fig 5.14. As seen in the figure, the maximum current 
is 1.5A for a rotor levitating from its initial position to the center position of the 
flywheel, and the stability suspension control current is 0.5A. The control current also 
satisfies the condition of the zero-bias mode. The simulation result of the step response 
is shown in Fig 5.15; this figure also presents a comparison between the results of the 
displacement determined in the experiment and the simulation. Fig 5.16 shows the 
orbits for the upper and lower sides of the flywheel rotor. Fig 5.17 shows the time 
history of the flywheel rotor displacement in the z  direction.   
The control currents in the x  direction of the upper electromagnets during the 
levitation experiment are shown in Fig 5.14. As seen in the figure, the maximum current 
is 1.5A for a rotor levitating from its initial position to the center position of the 
flywheel, and the stability suspension control current is 0.5A. The control current also 
satisfies the condition of the zero-bias mode. The simulation result of the step response 
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is shown in Fig.19; this figure also presents a comparison between the results of the 
displacement determined in the experiment and the simulation. Fig 5.16 shows the 
orbits for the upper and lower sides of the flywheel rotor. Fig 5.17 shows the time 
history of the flywheel rotor displacement in the z  direction.   
 
Fig 5.13 SAC control gains k  and ik  
 
(a) Overview of control current 
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(b) Extended control current 
Fig 5.14 Control currents 
 
Fig 5.15 Comparison of displacements determined by simulation and experiment 
In this section, a simple adaptive control (SAC) was proposed for application to 
AMB-flywheel system and control performance was improved by combining SAC with 
a D controller. In the proposed approach, the unmeasured states of the bearing system 
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are eliminated by a model that adopts SAC. 
 
 
Fig 5.16 Orbits for upper and lower side’s rotor 
 
Fig 5.17 Displacement in z  direction 
SAC was successfully applied to vertically designed five-axis controlled 
AMB-flywheel systems. The experimental results were found to satisfy the 
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requirements of the AMB-flywheel system. The zero-bias mode did not deteriorate the 
stability of the control system; further, energy consumption in this mode was low. 
5.5 PID Based SAC Control Law 
In this case, the design of a PFC for AMB-flywheel system consists of two steps. We 
first design the PID Controller in Fig 5.18 that stabilizes the model of the AMB 
flywheel at the center position. Then inverse transfer function of the stabilizing PID 
controller is used for the PFC in Fig 5.18. The PFC renders the augmented system to be 
almost strictly positive real (ASPR)[39]. We have to design the PFC such that it renders 
the augmented system to be ASPR [40]. The first step designs a PID controller for 
G p(s)  without SAC controller. This PID controller can stabilize the flywheel rotor at 
the operating point. Inverse transfer function of the obtained PID controller is used for 
the PFC in Fig 5.18.  
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Fig 5.18 Block diagram of SAC-PID double controller 
The AMB-flywheel is a five-degree of freedom multiple-input multiple-output 
system. To formulate the design procedure, consider the MIMO flywheel system’s 
transfer function with four DOF in the radial direction:  
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where each element gij  of Gp(s)  is of the form: 
ijrij
r
rij
r
ijpij
p
pij
p
BsBsB
cscscs
0
1
1
0
1
1
ij )(g
+++
+++
=
−
−
−
−

            (5.17) 
Here, 4,1,0, =ji . From the transfer function and root locus of the AMB-flywheel 
system, it is easy to conclude that none of these transfer functions satisfy the conditions 
of ASPR. Fig 5.19 shows the root locus of one element of )(Gp s . The PFC plant shown 
in Fig 5.18 is defined as  
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Ga11 = Rp(s)+ g11
=
2.5!10"4 s5 + 2.262!10"2 s4 + 5.655s3 + 0.1697s2 + 9.394!10"13s+ 2.831!10"14
s6 + 250s5 + 7.5s4
        (5.19) 
Since the AMB-flywheel system is a non-minimum phase system, the SAC cannot be 
directly applied to the system. A PFC should be developed to make the augmented 
system a minimum-phase system and ensure that it has a relative degree one.  
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Fig 5.19 Root locus for one element of )(Ga s  
Fig 5.19 shows the root locus of augment plant. In this plot, the symbol x  shows 
poles, and the symbol o shows zeros. It is easy to know that the PFC makes the 
augmented system a minimum-phase system from poles and zeros coordinates, and 
ensures its relative degree one from (5.19). 
SAC with PID rule is shown in Fig 5.20. In this double controller system, PID is 
defined as the PFC for AMB-flywheel plant. Hence, the SAC controller can be defined 
as 
)()()(up tztkt =         (5.20) 
)()( tetz y=         (5.21) 
k(t) = kI (t)+ kp(t)         (5.22) 
)()()(kp tetzt ypΓ=        (5.23) 
!kI (t) = ! I z(t)ey (t)"!(t)kI (t)       (5.24) 
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Fig 5.20 Block diagram of SAC with PID controller 
 
5.6 Simulation 
Fig 5.21 shows the displacement in the z  direction under the 1 G pulse disturbance 
shown. The displacement results show that the SAC controller can stabilize levitation of 
the AMB system in the z  direction under a 1G-pulse disturbance without any 
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touchdown. 
Flywheel rotor system has big gyroscopic effect because of the overshooting rotor. 
Fig 5.22 shows the orbits of the flywheel. Fig 5.23 shows the experimental results in 
Xu-Yu plane and Xl-Yl plane for 150Hz. 
 
Fig 5.21 Displacement in z direction under disturbance 
 
(a) Upper 
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(b)Lower 
Fig 5.22 Simulation results of orbit of the rotor 20Hz 
 
(a) Upper 
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 (b)Lower 
Fig 5.23 Simulation results of time history of the rotor rotation at 150Hz 
5.7 Experiment of AMB-flywheel Rotation with PID Based SAC 
Experiments were performed on SAC with the zero-bias modes. Fig 5.24 shows the 
time history of the flywheel rotor displacement in the radial direction. The 
displacements were used to evaluate the controller performance. The control program 
began after 0.5 s.  
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Fig 5.24 Time history response of flywheel rotor 
Fig 5.25 presents the experiment result of the influence of external disturbances 
from the EV driving on the road about the radial direction AMB system. The 2e-4 and 
-2e-4 positions are touch down areas, so it shows without any touch down under this 
running disturbance with PID and SAC controller, but it also evaluated that the stiffness 
of the SAC is stronger than PID controller through comparing these two controllers.  
 
Fig 5.25 Displacement of xu  under running disturbance 
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The control currents i1 and i3 in the direction of the upper electromagnets during the 
levitation experiment are shown in Fig 5.26. As seen in the figure, the maximum current 
is 1.7A for a rotor levitating under the strongest disturbance, and the control current also 
satisfies the condition of the zero-bias mode.  
 
Fig 5.26 Overview of control currents i1 and i3 
The orbits of the rotor shown in Fig 5.27 for upper and lower actuator locations are 
considerably large at 20HZ due to the effect of unbalance forces on the dynamic 
response of the rotor at low rotational frequencies. The control currents in the x  
direction of the upper electromagnets during the levitation experiment are shown in Fig 
5.28. As seen in the Fig 5.28, the maximum current is 0.75A for a rotor levitating during 
the 20HZ rotation. The control current also satisfies the condition of the zero-bias mode.  
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Fig 5.27 Orbits of flywheel rotor 
 
Fig 5.28 Control current 
5.7.1 Experiment for CFRP Rotor AMB-flywheel 
 After low speed rotation experiment, the flywheel rotor is changed to high 
speed rotation CFRP rotor. CFRP rotor could rotate high speed and storage larger scale 
of kinetic energy. New flywheel rotor parameters are shown as following table5.1.  
 
 62 
 
Table 5.1 Parameters of the AMB-flywheel 
Item Value Unit 
Rotor mass(m ) 100 kg 
Polar moment of inertia( zI ) 0.877 kg·m2 
Other moment of inertia( rI ) 2.438 kg·m2 
Constant of radial AMB( lu kk , ) 25.1956×10-6 Nm2/A2 
Constant of axial AMB( zk ) 70.5677×10-6 Nm2/A2 
Nominal air gap in radial direction 0.5×10-3 m 
Upper nominal air gap in axial direction( uz ) 0.5×10
-3 m 
Lower nominal air gap in axial direction(z l ) 0.6×10
-3 m 
Nominal touchdown gap in radial direction 0.2×10-3 m 
Nominal touchdown gap in axial direction 
 
0.4×10-3 m 
Allowable current 6.0 A 
The mass of CFRP rotor is same with previews rotor, so the axial direction 
controller is almost the same. We redesigned radial direction AMB controller with PID 
based SAC algorithm. Experiments were performed on PID based SAC with the 
zero-bias modes. Fig 5.29 shows the time history of the CFRP flywheel rotor 
displacement in the radial direction.   
 
Fig 5.29 Displacement of radial direction Xu 
In the application, the noise has a direct influence on the result of intelligent control. There are 
five displacement sensors in our flywheel system. The noise of sensors comes from disturbance of 
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flywheel system and sensor signal circuit. As describing in last section, derivative part is influence 
by displacement sensor noise in our controller. The large vibration of flywheel rotor is caused by 
outside disturbance and sensor noise. These noises also cause some energy consumptions of AMB 
system, so we have to design an effective filter for our flywheel system to guarantee stabilization of 
flywheel. A second order IIR butterworth low pass filter was design and applied on flywheel AMB 
system. The comparison results of flywheel vibration displacement are shown in Fig 5.30. From the 
control current experiment results, using filter also reduces the energy consumption, which cause by 
control current.  
 
Fig 5.30 Comparing Results (Original Signal and After Filter) 
 
Fig 5.31 Control Current Comparing Results 
The orbits of the flywheel rotor shown in Fig 5.32 and Fig 5.33 for upper and 
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lower actuator locations are rotation speed at 20HZ  
 
Fig 5.32 18Hz upper side orbit 
 
Fig 5.33 18Hz lower side orbit 
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Chapter  6 Design Inverter for a Flywheel Energy 
Storage System 
6.1 Introduction 
AMB-flywheels can be used to store energy for power systems when the flywheel is 
coupled to an electric machine. Stored energy depends on the moment of inertia of the 
rotor and the square of the rotational velocity of the AMB-flywheel. Energy is 
transferred to the AMB-flywheel when the machine operates as a motor (the 
AMB-flywheel accelerates), charging the energy storage device. The AMB-flywheel is 
discharged when the electric machine regenerates through the drive (slowing the 
AMB-flywheel)[41,42]. A flywheel system contains several components that are essential 
for its success. These essential components are the motor/generator (M/G), the active 
magnetic bearings (AMB), the flywheel rotor and the touchdown bearings (TB). The 
M/G system manages the satellite charge and discharge control of AMB-flywheel.  
In case of electrical vehicle (EV), motor of vehicle and storage systems can be 
coupled via the power converter systems. In this configuration, the power converter 
systems are controlled to ensure AMB-flywheel charging and discharging and driving 
motor of EV. This paper shows the AMB-flywheel energy-storage system, which is able 
to deliver a very high power via power converter system, which is limited only by the 
rating of the motor/generator. The design of charge cycles of AMB-flywheel is 
constrained mainly by the energy storage system efficiency.  
6.2 Energy Flow of AMB-flywheel Powered EV 
In current EV, FESS is acting as an auxiliary energy storage device. The main power 
line is shown in Fig 6.1. It shows the EV-FESS assembly under a study, which is a 
laboratory test electrical vehicle power flow. A series of batteries maintain the power of 
control system, supplying 60V DC power for AMB amplifier, supplying 24V for 
monitor display and 48V DC power for cPCI computer, CDU control line. 
 66 
 
Fig 6.1 Power flow of the existing EV 
In this EV system, the electric energy received from the DC input of battery to the 
EV motor and only switches to providing power from the battery to FESS. After 
charging the FESS, the FESS starts supplying electric energy from the flywheel to the 
load. The flywheel is directly coupled to an induction machine of 2 pole pairs, 2.2KVA. 
As the energy stored in the inertial storage system is directly proportional to the speed 
square, it is not meaningful to consider lowing the speed. There are four main parts in 
the bench: Power supply battery, MCU, CDU and AMB-flywheel. 
 
Fig 6.2 The EV Architecture based upon a flywheel energy storage device  
6.3 Energy of the Flywheel Energy Storage System 
EV Motor 
 AC/DC Converter  
図  1 
 
DC/AC Converter DC/DC Converter 
Battery 
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The rotational kinetic energy of flywheel and its power can be described as 
2
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Where zI  is the moment of inertia of the flywheel about z  (axial) axis, and 
fπω 2= is 
the angular speed of the flywheel. 
The rotational kinetic energy of our flywheel system is 
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The rotational kinetic of low speed iron rotor flywheel is shown in Fig 6.3, and the 
rotational kinetic of CFRP rotor flywheel is shown in Fig 6.4. The moment of inertial of 
the iron rotor flywheel is larger than CFRP rotor flywheel, but the failure speed of the 
disk of CFRP is much higher than iron rotor[43]. In our flywheel system, we increase the 
rotational kinetic energy of flywheel by changing the iron rotor to CFRP rotor for high 
speed rotation. 
Maximum energy density: 
kgWh
V
I fz /)
3600
1)((
2
1 2
ρ
ωα =           (6.4) 
where, zI  moment of inertia of the disk(kg.m2), 
fω  failure speed of the disk (rad/s), 
ρ  density (kg/m3), 
V volume (m3). 
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Fig 6.3 Flywheel rotational kinetic energy 
 
Fig 6.4 CFRP flywheel rotation kinetic energy 
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6.4 CDU System Specifications 
The reference designed in this paper describes the design of charging unit of 
AMB-flywheel using a switch mode power supply (SMPS) Digital Signal Controller 
(DSC). Control of Switch Mode Power Supplies has traditionally been a purely analog 
domain. The advent of low-cost, high-performance Digital Signal Controller (DSCs) 
has opened a whole new dimension for switch-mode power supply control, and there 
are signs that the power supply industry is heading towards a digital revolution.  
The design of the charging unit of AMB-flywheel consists of two major topology 
blocks: DC-DC Converter (steps up the DC battery voltage to a constant high-voltage 
DC). Full-Bridge Inverter (converts DC voltage to a three phase AC output). The input 
and output specifications are shown in Table 6.1. 
Table 6.1 I/O specifications 
I/O specifications 
AC Mains 
110VAC±10%, 50 Hz 
±3 Hz 
DC Input 6x 12 VDC (battery) 
DC-DC 
Converter 
output 
360 VDC 
DC-AC 
Inverter output 
200VAC (three phase) 
6.5 DC/DC Converter 
During motoring mode of AMB-flywheel, which is the main focus of the present 
paper, the DC/DC converter can work as a boost converter. The input voltage of inverter 
must be greater than the peak of sinusoidal output voltage, or greater than 1.414 times 
the RMS AC voltage. Therefore, the 72V battery voltage is stepped up to a high DC 
link voltage using the DC-DC converter. Chopper systems are current intensive sources, 
so that their output voltage must be increased to approximately a few hundred volts to 
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be suitable for the AMB-flywheel battery. The main objective of this part is looking into 
the controller design for enhancing efficiency and reliability of power converters in 
FESS. The boost converter produces an output voltage bigger than its input voltage. The 
topology of the DC/DC converter and connection to the flywheel system are shown as 
Fig 6.6   
 
Fig 6.6 Boost converter topology. 
The DC-DC Converter also provides the option to produce multiple voltage levels by 
changing the switch ratio. In the following part, we will derive the equations for 
practical calculations and the working of the boost converter. 
6.5.1 Calculation of Duty Ratio 
For the calculation of the duty ratio we will first of all assume that the converter is in 
steady state. The switches are treated as being ideal, and the losses in the inductive and 
the capacitive elements are neglected. Also it is important to point out that the following 
analysis does not include any parasitic resistances (all ideal case). The analysis also has 
the assumption that the converter is operating in Continuous conduction mode. The 
relationship between output voltage and input voltage is: 
)1( D
VV inout
−
=             (6.5) 
Where, D is duty circle, D can be calculated through the equation according to the 
requirement value of input and output voltage. Hence in this mode, the voltage output 
varies linearly with the duty ratio of the switch for a given input voltage and does not 
depend on any other circuit parameter. 
DC/DC 
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6.5.2 Calculation of Induction and Capacitor 
Identification key components of Boost chopper circuit: Output filters Capacitor C 
and inductor L. The equation in terms of the current through the inductor, when the loss 
of circuit is ignored, may now be written as: 
0IvIv oii ×=×                                                          (6.6) 
Where, Ii is the average current output from power source iv , and it equal to the 
current value of inductor average current IL. The function of output voltage is: 
offi tTvv /0 ×=              (6.7) 
Assuming that the circuit has assumed steady state hence there may already be some 
current in the inductor. 
offioffiii tTIvItTvvIvI //// 0000 ×=××=×=           (6.8) 
The inductor current increases linearly with time and attains its maximum value.  
ioni ILtvI 4.1/ =×=Δ             (6.9)                     
)4.1/( ioni ItvL ×=             (6.10)                                 
Consequently, there is a minimum value of the inductor that ensures its continuous 
conduction mode. It can be obtained from following equation: 
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= 2
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                                                         (6.11) 
The output capacitor is assumed to be so large as to yield Vo(t) =Vo.  However, the 
ripple in the output voltage with a practical value of capacitance can be calculated by 
considering the waveforms for a continuous-conduction mode of operation. Assuming 
that the entire ripple component in iL flows through the capacitor and its average 
component flows through the load resistor. The function of output capacitor is: 
)/( oono VtIC Δ∗=                                                               (6.12) 
oo
ioo
vvf
vvIC
Δ∗∗
−∗
=
)(
                                                                  
(6.13) 
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Where, C is the value of output capacitor; f is maxim switch frequency. The designed 
requirement specifications of chopper circuit are shown in table 6.2. According to these 
specifications, the parameters of chopper circuit component are calculated as shown in 
table 6.3. 
Table 6.2 Requirement Specifications 
Frequency 20kHz 
This is boost converter 
frequency 
Min Vin 58V 
The lowest expected input 
voltage 
Max Vin 72V 
The highest expected input 
voltage 
Min Vout 308V 
The lowest desired output 
voltage 
Max Vout 360V 
The highest desired output 
voltage 
Iout 6A Output current draw 
Vripple 0.1V 
Maximum allowable 
voltage ripple 
Table 6.3 Calculated Results of Chopper Circuit 
Min. Duty Cycle 76.62% 
Max. Duty Cycle 83.88% 
Min. Inductor Size 53.7uH 
Peak Inductor Current 53.6A 
Minimum Capacitor 3000uF 
Minimum Diode 360V 53.59A 
6.6 AMB-Flywheel Inverter System 
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The basic circuit diagram of the inverter and Motor/Generator are shown on Fig 6.7. 
An DC power which supplied by DC/DC converter is connected to the inverter. Six 
IGBTs switches are used connected in a bridge configuration. Usually IGBTs are 
preferred over MOSFETs due to better EMI and RFI performance characteristics. At the 
DC terminals of the inverter two capacitors are connected in series, each one rated for 
1200Vdc and with their mid-point denoted by o. The motor/generator is a four pole 
induction motor rated at 2 kW with motor voltage 115 V and a speed range of 0 to 
17,900 rpm. The relationship between mechanical speed and AC electrical speed, or 
fundamental frequency, is given by 
120
nRPMf =            (6.14) 
where f is the electrical frequency in Hz, n is the motor/generator number of poles and 
RPM is the rated mechanical speed in revolutions per minute. 
6.7 Volts Hertz Control Strategy for Flywheel Inverter 
In induction motors applications, the induction motors are controlled by variable 
frequency drives with Volts/Hertz (U/f) control; this strategy intends to keep a constant 
flux, imposing a constant volts/hertz ratio. U/f drives have flexible configuration in 
order to be adapted to different loads, and the users can specify the desired U/f curve[44]. 
In this study, the driver of inverter used the control principle of constant U/f and the 
strategy of SPWM.  
In the U/f control, the flux is maintained constant while the slip is changed in order to 
vary torque. It is possible to keep constant the slip, and to use the flux to vary torque. 
The control scheme of constant U/f ratio speed regulating system is shown as Fig 6.8. 
This system consists of the ascending and descending speed time setting (PI), U/f curve, 
SPWM and driver. PI is the soft starter for avoids rotate speed increasing too fast, which 
control the induction motor’s starting period and starting current. U/f curve is used to 
compute the relative voltage values from the frequency values for maintaining U/f ratio 
and it supply the voltage compensation at the low frequency. Sinusoidal pulse width 
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modulation (SPWM) and driver unit will generate pulse signal to achieve the flywheel 
induction motor variable-frequency speed regulation. 
 
Fig 6.7 Control Scheme of Constant U/f Ratio Speed Regulating System 
In the U/f control strategy, the relationship between frequency and voltage represent by 
functional expression (13): 
0
NU Uf
f
U
N
+=                                                        (6.15) 
Where,  
NU  is the motor rated voltage, Nf  is the motor rated frequency, 0U  is the initial 
voltage compensation. Let one-dimensional vector )]3(),2(),1([ uuux = , )3(),2(),1( uuu  
express the voltageU , frequency f and time t, respectively. We can represent three 
phases modulation signal au , bu , cu  as follow: 
)]3(*)2(**2sin[*)1( uupiuua =                                            (6.16) 
]
3
*2)3(*)2(**2sin[*)1( piuupiuub −=                                       (6.17) 
]
3
*4)3(*)2(**2sin[*)1( piuupiuua −=                                      (6.18) 
Based on the three phase modulation signals, six channels PWM signals are generated 
and used for driving the full-bridge inverter.  
6.8 Simulation Analysis 
In this paper, it has presented the initial experimental results of the flywheel motor 
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test with ion rotor at our research group. The speed of motor was limited to 1500rpm 
due to limits on the particular flywheel rotor used in the system. The following results 
show steady state operation simulation results at 1500 rpm. Fig 6.8 shows that the 
starting time of the AMB-flywheel motor is 5 second. In the simulation, we can regulate 
the starting time through tuning the integration time of PI unit. Fig 6.9 shows the 
line-to-line voltage (effective value) of the inverter.  
 
Fig 6.8 Rotation speed of AMB-flywheel rotor 
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Fig 6.9 Line to line voltage of inverter  
 
Fig 6.10 Rotation speed-torque performance of motor 
Fig 6.10 shows the rotation speed and torque performance of motor. Simulation 
result of Fig.6.11 shows extended waveform of the starting period from 4s-5s. The 
speed curve distortion happened in Fig 6.11, this is because the frequency variation time 
is not occurring at the end of a complete period of modulation signal. In this case, the 
negative voltage phase sequence causes the negative torque of motor, so it makes the 
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fluctuation of rotational speed of motor. 
 
Fig 6.11 Simulating result of rotation speed waveform 
6.9 Experiment Result 
In this section, the first experiment carried out is presented in order to show 
 
Fig 6.12 Inverter one phase output voltage waveform 
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Fig 6.13 Output current waveform is1, is2 results 
 
Fig 6.14 Output voltages and input voltage 
 
Fig 6.15 Switching signal upper side and low side 
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Fig 6.16 Inverter output voltage vectors U1, U2; Inverter output current vectors I2, I3 
results 
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Chapter 7 Nonlinear Model Identification for Inverter 
of AMB-Flywheel System 
7.1 Introduction 
This study focuses on the modeling of the power electronic inverter of an active 
magnetic bearing flywheel (AMB-flywheel) energy storage system using a 
Hammerstein-Wiener (HW) nonlinear identification model. In order to verify the effect 
of the HW modeling, we use two standard nonlinear models (saturation and deadzone 
models) and compare their functioning with that of the estimated model of HW. Our 
simulation results show that the HW system identification model can realize the output 
target with 97% accuracy for saturation and deadzone characteristics. The power 
electronic inverter system uses a three-phase inverter connected to the induction motor 
of AMB-flywheel system. We evaluate the inverter based on using a nonlinear HW type 
identification mathematical model, and we present the nonlinear simulation results in 
this paper. 
Energy storage in electric vehicles (EVs) is currently accomplished using chemical 
batteries; most commonly used battery is the Li-ion Battery [45,46]. The flywheel energy 
storage system has been considered an alternative technology for EV power supply. By 
virtue of their facilitating high rotational dynamics, durability, and relatively high 
efficiency, active magnetic bearing flywheel (AMB-flywheel) energy storage systems 
are well suited for use as energy storage systems to improve the quality of electric 
power delivered to the EV. 
When used in EVs, the AMB-flywheel energy-storage system, which can be delivered 
and charged to large power values via an appropriate power converter system, is limited 
only by the rating of the motor/generator. In this configuration, the design of charging 
circuit of the AMB-flywheel is constrained mainly by the energy storage system 
efficiency. The performance of the AMB-flywheel energy storage system is directly 
affected by the quality of its power supply system. 
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From the current literature, it can be observed that the linear time-invariant models, 
which are currently used standardized theories of the approximation and linearization 
method of linear systems, are similar to those used to analyze the power supply inverter 
circuit. The typical modeling methods comprise the switching state-space averaging 
method, circuit-average method, the average large-signal model and the generalized 
state-space averaging method [47]. 
In general power electronic systems	 include a high-order, strong nonlinearity, and 
high-frequency characteristics; hence, the approximation and linearization method 
cannot accurately express the dynamic behavior of the circuit between operation cycles. 
Thus, the estimation of an accurate nonlinear model by directly using the relationship 
between the input and output data, not only in theory, but also in practical application, 
control theory will be of immense value in improving the efficiency of power electronic 
systems. We call this nonlinear black box system identification model of the system [48]. 
In control engineering, system identification has been extensively studied for several 
decades, and has been proposed a variety of different identification methods. All the 
methods proposed embark on the same goal of improving and enhancing systems design 
by obtaining an improved mathematical model. System identification using the 
Hammerstein-wiener (HW) model has been the focus of active research for many years. 
In this study, we propose the application of the HW model is proposed to the 
AMB-Flywheel charging inverter system.  
7.2 AMB-flywheel Energy Storage System 
An AMB-Flywheel energy storage system (FESS), is an electronic and mechanical 
device that stores electrical energy as the kinetic energy of the flywheel and provides 
electric power supply to connected electronic equipment such as the motor of an EV. 
The energy storage system is one of the most critical components in the development of 
energy-efficient EVs. Fig 7.1 shows the EV-FESS assembly. The figure shows the  
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Fig 7.1 AMB-FESS for EV architecture 
scale-modeled version of the laboratory test EV bench. The test EV bench has a 
modular structure that enables the study of different charge/discharge unit (CDU) 
topologies. 
In this system, the electrical energy received from the DC input of the battery to the 
EV motor is switched to providing power from the battery to the FESS. After charging 
the FESS, the FESS begins supplying electric energy from the flywheel to the load.  
An induction motor is used as the motor for AMB-Flywheel. A three-phase power 
electronic inverter system that includes exhibits strong nonlinear behavior is connected 
with the induction motor; therefore, in this study, we use nonlinear system identification 
for the AMB-Flywheel power converter system. The flywheel is directly coupled to 
2.2KVA induction motor with 2 pole pairs. As the energy stored in the inertial storage 
system is directly proportional to the square speed of the wheel, it is not meaningful to 
consider lowering the speed. There are four main parts in the bench: DC battery, motor 
control unit (MCU), charging and discharging unit (CDU), AMB-flywheel. 
7.3 Hammerstein-Wiener Model 
The system identification model constitutes a number of linear and nonlinear blocks 
connected in various cascading and parallel combinations representing systems such as 
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the Wiener model, Hammerstein model, Wiener-Hammerstein model and 
Hammerstein-Wiener model [49,50].  
In this section, we introduce a nonlinear system identification method called the 
Hammerstein-Wiener model (HW), which is combination of the Wiener and 
Hammerstein models[51]. In the HW model, the nonlinear block is static, and it follows 
or is followed by a linear system [52]. 
 
Fig 7.2 Hammerstein-Wiener model structure 
The structure of the Hammerstein model comprises a linear component following a 
nonlinear component. In contrast, the Wiener model structure has a linear component 
preceding a nonlinear component. These two schemes are combined together as one 
model, the HW model [52]. The nonlinear blocks are assumed to account for the static 
nonlinearities in the system, while the linear block account for the rest of the dynamics 
of the system. Fig 7.2 shows the Hammerstein-Wiener structure as well as the symbols 
for the subsystems and the signal names used in this paper.   
7.3.1 Linear Subsystem 
In the linear block, the signal x(t) = (B / F)w(t)   denotes a linear transfer function. 
The signal x(t)  has dimensions identical to that of y(t) . The polynomials B and F 
contain the time-shift operator q, which is essentially the z-transform that can be 
expanded as in the following equations. 
B(q) = b1 + b2q!1 + " " "+ bnq!bn+1           (7.1) 
F(q) =1+ f1q!1 + " " "+ fnq! fn           (7.2) 
7.3.2 Nonlinear Subsystem 
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Nonlinear models are used extensively in various system domains. They allow the 
representation of physical processes over a wider range of operating points than the 
linear model. The HW model is composed of the input and output nonlinear blocks 
containing nonlinear functions f (!)  and H (!)  respectively, corresponding to the input 
and output nonlinearities. Both nonlinear blocks are implemented using nonlinearity 
estimators. Within this structure,  u(t)  and y(t)  denote the input and output signals 
of the HW block structure respectively. In general, the intermediate variables w(t)  and 
x(t)  are not measurable.  
The intermediate output w(t) = f (u(t))  is a nonlinear function transforming input 
data u(t) . The function w(t)  has dimensions identical to those of u(t) . The final 
output y(t) = h(x(t))  is a nonlinear function that maps the output of the nonlinear 
block. 
The details regarding the estimation of the inverter’s nonlinear functions and the 
linear component of the HW-Block-oriented model are covered in the next section 
prototype system under consideration. 
7.4 Nonlinear Identification Model 
The charging unit inverter of the AMB-flywheel system exhibits strong nonlinear 
characteristics. In order to verify the effect of the HW identification algorithm for the 
nonlinear deadzone and saturation models, we use designed simulations. The nonlinear 
block contains a simple nonlinear estimator with deadzone or saturation functions. 
7.4.1 Examples of Nonlinear Model Estimation 
This section presents a mathematical model for the deadzone function, which 
indicates a static input-output relationship. The lower and upper limits of the deadzone 
are specified as the start and end of points of the deadzone parameters. The deadzone 
can define a nonlinear function y = f (x) , where f is a function of x . The following 
equations define the output of this function. 
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x ! a f (x) = x " a
a < x < b f (x) = 0
x # b f (x) = x " b
$
%
&&
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&
&
                      (7.3) 
Here, x  denotes the input value, f (x)  denotes the output value, and a  and b  are 
breakpoints; consequently, the output interval of the function equal to f (x) = 0  this 
zone is called as zero interval. 
 
Fig 7.3 Deadzone function 
The saturation function generates an output signal with upper and lower limits. When 
the input signal value is between the upper and lower limits, the output signal is 
identical to the source signal. If the input signal exceeds the limit range, it will 
automatically be limited to the upper or lower limits. The following equations define the 
output of this function. 
 
f (x) =
a if x > a
b if x < b
a = b if a = b
x a < x < b
!
"
#
#
##
$
#
#
#
#
                   (7.4) 
Here, x  denotes the input while (x)f denotes the output. 
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Fig 7.4 Saturation function 
Inverter modeling is performed by selecting the model structures and adjusting the 
model order of the linear terms and the nonlinear estimators of HW system 
identification model. In order to obtain the models of the saturation and deadzone 
functions. Batch processing is performed as shown in Fig 7.5. In the process, the output 
of the inverter is estimated, and the output signals are constructed from the saturation 
and deadzone nonlinear models.  
The implementation of the process has been developed by programming using the 
MATLAB software in order to compare the accuracy between the actual nonlinear 
model and the identification model. In the simulation, a chirp signal is used as input 
data and the data are divided in two groups. One group is used as data to estimate the 
training model whereas the other group is used as input signal for the selected standard 
nonlinear models. The identification accuracy of each case has been observed. A 
comparison of the results for both cases is carried out following the system 
identification process shown in Fig 7.5.  
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Fig 7.5 Block diagram of comparison approach 
 
Fig 7.6 Comparison of estimated model and reference model: saturation model 
In the figure, the solid line indicates the reference signal; the dash-dot denotes the 
output of the estimated model while the dashed style line indicates the original chirp 
signal. 
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Fig 7.7 Outputs for predicted and selected deadzone models 
 
The plots in Fig 7.7 show the predicted output and selected deadzone model output. 
The predicted model output is obtained from the validation data of selected model, 
whose output is plotted as indicated by the dotted line. 
In both the abovementioned, the percentage of the output variations in the two 
standard nonlinear models (saturation and deadzone models) are accurately reproduced 
by our actual model; this percentage value is more than 97%, and this indicates the 
accuracy of our model.  
7.4.2 Modeling Inverter of AMB-flywheel System 
The system used in this study is the AMB-flywheel charging inverter system. The 
plant system consists of DC power supply, AC power system, a power analyzer 
AMB-flywheel loads and a computer as shown in Fig 7.8.  
The two steps required in modeling the inverter based on system identification are 
described as follows:  
--First, preparing data for identification of models though the experimental 
system. In order to obtain the models, a laboratory setup is assembled, and it consists of 
a type of commercial grid connected to three-phase inverters. In the system 
 89 
identification process, both voltage and current values are measured by a power 
analyzer and transmitted to a computer, and subsequently, the power is calculated using 
the voltage and current waveform data to estimate the inverter model.  
--Second, loading of data into the Matlab system identification toolbox. The first 
part of the input-output signal produced by the HW model system can be considered as 
a signal equivalently produced by two nonlinear static systems placed around a dynamic 
linear system. These models are difficult to identify due to the presence of two 
nonlinear systems. Usually, a nonlinear estimation procedure is necessary to estimate 
the parameters of the different parts of the HW model. These nonlinear estimation 
procedures need accurate starting values to converge quickly and/or reliably to a global 
minimum.  
 
 
Fig 7.8 Schematic of experimental setup for inverter modeling 
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Fig 7.9 Current waveform of inverter system 
 
 
Fig 7.10 Power waveform of inverter system 
In Fig 7.10, the green line indicates the DC power (Pdc ), and blue and red line 
indicates AC power ( ba PP , ). The total active power of the three-phase three-wire system 
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can be calculated as batol PPP += . 
To illustrate the performance of the modeling in identifying the AMB-Flywheel 
power electronic converter system, data collection for the input-output testing of the 
plant was carried using the power analyzer. The power waveform data is used as data to 
estimate the actual model or training model.  
For each of the input signals, both the static nonlinearities were modeled using 
saturation and deadzone functions. The breakpoints were chosen automatically for equal 
support. Fig 7.11 shows the result for the linear block section of the identified HW 
model result. Fig 7.12 shows the identification result for the output nonlinear function 
h(w) of the measured HW system. Fig 7.13 shows the identification result for the input 
nonlinear signal f (u) of the measured HW system.  
Fig 7.14 describes the predicted output from the inverter model in comparison with 
the test set data. The linear model component is presented in equation (5). The linear 
block represents the embedded linear model in the HW model. The linear component of 
the HW-Block-oriented model is given by two polynomials show below. 
y(t) = B(q)F(q)
!
"
#
$
%
&u(t)+ e(t)             (7.5) 
B(q) = 0.3022! 0.4751q!1  
F(q) =1! 0.6955q !1+0.0565q!2 ! 0.0281q!3  
The percentage of best-fit accuracy is obtained from comparison between the 
experimental waveform and the simulation modeling waveform, and it can be calculated 
using Equation (7.6). The identified model is observed to show a goodness of fit rating 
of 0.9755. 
fit =100! (1" norm(!y " y) / norm(y" y ))             (7.6) 
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Fig 7.11 Identification result for linear block section of measured Hammerstein-Wiener 
(HW) model 
 
 
Fig 7.12 Result for nonlinear output block 
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Fig 7.13 Result for nonlinear input block 
 
 
Fig 7.14 Identification result for inverter system 
In Fig 7.14, the red line represents the identified model and the blue line represents 
the true values on each of these plots. Using the model selection criteria, the following 
results were obtained: Best Fit 97.55%; Loss Function, 1.073; Final Prediction Error 
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(FPE), 1.087. Based on the smallest value criteria of FPE and a best fit value of 97.55%, 
this model can be considered as an acceptable model of the inverter system. 
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Chapter  8 Conclusions and Future Works 
8.1 Conclusions 
Flywheel storage systems have been used for a long time. Material and 
semiconductor development are offering new possibilities and applications previously 
impossible for flywheels. The contact free AMB is suitable for the high rotation speed 
of flywheel with losses less than that of the oil-film bearings.  
This thesis is concerned with the design of a simple adaptive control (SAC) 
technique and application into AMB-flywheel system, and effort provided an analysis 
of SAC with a focus on operating with minimal power, and showed that it worked. The 
results of the analysis of the simple adaptive zero bias control data has been presented. 
The analytical results were based on nonlinear model, and the experimental results 
indicate how a magnetic bearing operates using the SAC method. PFC cause the offset 
problem of levitating of flywheel rotor, it effects the rotation of flywheel rotor on radial 
direction offset. Then, we modified the basic SAC scheme with PID based SAC. The 
control performance was improved by combining SAC with PID controller. In the 
proposed approach, SAC was successfully applied to vertically design five-axis 
controlled AMB-flywheel systems. The experimental results were found to satisfy the 
requirements of the AMB-flywheel system. Low-loss operation is very important in 
AMB system applications, especially in high speed energy flywheel energy storage 
system. Since eddy current and ohmic losses are propositional to the flux, zero-bias 
control scheme for AMB are advantageous for low-loss operation of AMBs. The 
zero-bias mode did not deteriorate the stability of the control system; further, energy 
consumption in this mode was low. 
In order to test the energy converter effect, the PWM inverter is designed for 
charging flywheel energy storage system. We modeled three-phase inverter, which was 
connected to the induction motor of an AMB-flywheel, was carried out, and the 
modeling was carried out using nonlinear system identification approach comprising the 
HW model for predictive control. The simulated inverter is intended for a flywheel 
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storage system. 
8.2 Future work 
The first success of the work is valuable for investigating the performance of a 
flywheel supported by AMBs. In order to achieve high energy density in a flywheel 
rotor, it is to make use of CFRP rotor within a flywheel. In this way, the future work 
should include more detailed analysis of the control scheme for flywheel AMB system 
for high speed rotation with CFRP rotor. The use and integration of simple adaptive 
control with the variable bias control to adjust the bias current such that the optimal 
value can be achieved to minimize steady state power loss and increasing AMB 
stiffness. With the identification method can be used to predict control for charge and 
discharge system of AMB-flywheel to obtain optimal switching state.  
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